Programmed ribosomal frameshifting allows one mRNA to encode regulate expression of, multiple open reading frames (ORFs). The polymerase encoded by ORF 2 of Barley yellow dwarf virus (BYDV) is expressed via minus one (À1) frameshifting from the overlapping ORF 1. Previously, this appeared to be mediated by a 116 nt RNA sequence that contains canonical À1 frameshift signals including a shifty heptanucleotide followed by a highly structured region. However, unlike known À1 frameshift signals, the reporter system required the zero frame stop codon and did not require a consensus shifty site for expression of the À1 ORF. In contrast, full-length viral RNA required a functional shifty site for frameshifting in wheat germ extract, while the stop codon was not required. Increasing translation initiation ef®ciency by addition of a 5
Introduction
Ribosomal frameshifting is a recoding event that provides an economical means of storing and expressing genetic information. 1, 2 One nucleotide sequence tract encodes two overlapping open reading frames (ORFs) and provides signals for control of their translation. This compression of information is especially advantageous for viruses in which nucleotide sequence length must be mini-mized. In minus one (À1) frameshifting, ribosomes shift one nucleotide in the 5 H direction during translation of an ORF, then resume translation of an overlapping reading frame. Viruses in the Retroviridae, Nidovirales, astrovirus, Luteoviridae, dianthovirus, sobemovirus, Totiviridae, and mushroom bacilliform virus groups employ À1 frameshifting. 2 ± 4 In most cases the À1 reading frame encodes the active site of the viral polymerase. In eukaryotes, À1 frameshifting is not known to occur in non-viral genes, although some candidate frameshift sequences exist in cellular genes. 5 Thus, the À1 frameshift mechanism is a potential target for antiviral agents. 6 Furthermore, understanding the mechanism of À1 frameshifting can shed light on fundamental mechanisms of mRNAribosome interactions.
The prevailing simultaneous slippage model for À1 frameshifting purports that the tRNAs, basepaired to the shifty heptanucleotide in the zero frame, and in the ribosomal A and P sites, simultaneously slip back one base on the mRNA. 2, 7 Translation then resumes in the new, À1 reading frame. Two cis-acting signals in the mRNA are necessary. 1, 2, 8 One is the heptanucleotide at the shift site, which usually ®ts the consensus: X XXY YYZ, where X is any base, Y is A or U, and Z is any base but G, and the spaces separate codons in the initial (zero) frame. 7 This sequence allows at least two of the three anticodon bases to re-pair to the mRNA in the À1 frame after the shift.
The second signal is a highly structured region, usually a pseudoknot, that begins ®ve or six nucleotides downstream from the shifty site. 8 ± 10 In some cases, a stem-loop 11, 12 will suf®ce. In gene 10 of bacteriophage T7, a sequence in the 3 H untranslated region (UTR), 200 nt downstream of the frameshift site, is necessary. 13 The structured region favors the chances of À1 frameshift by inducing elongating ribosomes to pause on the shifty site. 14, 15 However, the structure may have a more speci®c role than just inducing pausing, because some highly stable structures do not facilitate frameshifting 16 ± 18 even if they can cause pausing. 14, 15 The potential role(s) of protein factors in À1 frameshifting is controversial, 19, 20 but the prevailing theory is that the downstream element both pauses the ribosome and speci®cally interacts with it in a way that is not yet clear, to facilitate the À1 frameshift.
Early studies showed that the shifty site and the adjacent pseudoknot (or stem-loop) were necessary and suf®cient for frameshifting at a level similar to that of the full-length virus sequence context. 7, 21 Thus, frameshifting is now studied mostly using reporter genes linked to the frameshift element, so that À1 frameshifting is needed for reporter gene expression. However, discrepancies have been observed between in vitro and in vivo frameshift assays. 22, 23 Thus, understanding of the mechanism and control of frameshifting by a replicating virus is incomplete. Here, we show that out-of-context frameshift studies can lack important signals, and that new, additional sequences besides the canonical shifty site and adjacent structured region are needed for frameshifting on a full-length, plant viral genomic RNA.
In vitro 24 studies indicated that the polymerase gene (ORF 2) of Barley yellow dwarf virus (BYDV, PAV serotype) is translated via À1 ribosomal frameshifting of ribosomes from ORF 1 in the short, 13 nt region of overlap ( Figure 1 ). The frameshift site (bases 1152-1158) consists of a canonical shifty sequence, G GGU UUU, followed by a region beginning 6 nt downstream that is predicted to form either a large bulged stem-loop or two smaller kissing stem-loops. 25 Only the bulged stem-loop is phylogenetically conserved. 26 A virus with a related polymerase gene, Red clover necrotic mosaic virus (RCNMV), was shown to require a similar bulged stem-loop for À1 frameshifting. 12 The BYDV frameshift sequence, when placed in front of a b-glucuronidase (GUS) reporter gene gave about 1 % apparent frameshifting, 25 which is at the low end of the range of known viral frameshift ef®ciencies (1-33 %). The zero frame ORF (ORF 1) stop codon, which is located immediately 26 Amino acid sequences of the zero frame (top) and À1 frame (bottom) encoded by the 3 H end of ORF 1 and 5 H end of ORF 2, respectively, are indicated below the nucleotide sequence. Lower-case amino acid residues are translated only in the constructs with the C substitution in the ORF 1 stop codon (bold UAG) that converts it to a serine codon (UCG). Amino acid residues in italics comprise the beginning of the GUS coding region.
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H of the shifty heptanucleotide, was required for b-glucuronidase (GUS) expression. This differs from other À1 frameshifting viruses where a stop is not necessary, 7, 18 as the frameshift site is often far upstream of the zero frame stop codon. 4 Previous studies, in which we mapped a cap-independent translation element to a 3 H portion of the BYDV genome, indicated that an even more distal sequence in the 3 H untranslated region (UTR) may be necessary for frameshifting. 27 Here, we verify that observation and report a new frameshift sequence element that is located thousands of bases downstream of the frameshift site.
Results
Out of their natural context, canonical BYDV frameshift signals do not play a role in À1 GUS expression in reporter constructs Previously, we investigated frameshifting by BYDV sequences using reporter plasmids with the GUS ORF out of frame from the start codon, so that a À1 ribosomal frameshift was required for GUS expression in carrot cells. 25 The sequence between the start codon and GUS ORF contained 116 bases of viral sequence, including the shifty heptanucleotide and downstream secondary structure (Figure 1(b) ). Using that construct, apparent frameshifting ef®ciency was measured at about 1 %. Replacement of the ORF 1 UAG stop codon with a UCG sense codon abolished apparent frameshifting. 25 To further examine the dependence on a zero frame stop codon, we tested other stop codons. Replacement of the ORF 1 UAG with UAA also supported wild-type levels of GUS expression in carrot cells (pM9SH1 , Table 1 ), while UGA gave about 50 % as much GUS activity (pM9SH2). Thus, in this assay, any stop codon is suf®cient for GUS expression from the À1 frame.
To test for other differences from consensus À1 frameshift signals, we investigated the role of the shifty heptanucleotide (GGGUUUU). Mutating it to that of RCNMV (GGAUUUU) had little effect (pM2SH18, Table 1 ). This is consistent with work by Kim & Lommel, 12 who showed that the BYDV shifty site had no effect on RCNMV frameshifting. Surprisingly, constructs with major mutations in the shifty heptanucleotide still allowed wild-type GUS expression. This includes one construct that completely disrupts codon-anticodon base-pairing by both the A and P site tRNAs after the frameshift (pM7SH27, shifty sequence changed to G CUG CAU, Table 1 ). Of the 17 different mutant heptanucleotides tested (Table 1 and data not shown), none had a signi®cant effect on GUS expression, with the exception of UUUUUUU, which caused a slight increase (pM4SH33, Table 1 ). Thus, it is clear that a canonical shifty heptanucleotide is not required for expression of GUS from the À1 frame in this context.
Carrot is not a host of BYDV, so we tested frameshifting in protoplasts from oat, a BYDV host. These experiments utilized the maize Adh1 promoter and ®rst intron because it expresses at much higher levels in monocotyledoneae than the CaMV 35S promoter used in carrot cells ( Table 2 ; Callis et al.
28
). A more appropriate inframe positive control plasmid, pADHS(0)UCAG, was used. It fuses the upstream portion of ORF 2 to GUS exactly as would occur in the À1 frameshift (Figure 1(b) ), whereas the previous inframe control, pS(0)UCG (and pADHS(0)UCG), fuses the 33 codons in the zero frame, downstream of the ORF 1 stop codon, with GUS. When pADHS(0)UCG and pADHS(0)UCAG were compared, the latter gave about 40 % greater GUS activity (Table 2, Experiment 2). This, in turn, gave a lower calculated frameshift ef®ciency of less than 1 %. The ability of constructs with the Adh1 promoter, and any stop codon at the end of ORF 1, to facilitate apparent À1 frameshifting was evident in oat cells (pADHS(À1)UAG, pADHS(À1)UAA, pADHS(À1)UGA) ( Table 2 ). We then tested the (Table 2) . Thus, there is a requirement for a stop codon for GUS expression in the À1 frame in the reporter constructs in both carrot and oat. The lack of a requirement for a shifty heptanucleotide and the requirement for a stop codon indicate either that BYDV uses a frameshift mechanism fundamentally different from that of other viruses, or that the constructs do not re¯ect viral translation accurately.
Frameshifting is more efficient on replicating viral RNA than on reporter genes To understand frameshifting in the natural viral infection, oat protoplasts were inoculated with infectious viral RNA, and the products of ORF 1 (39 kDa) and ORFs 1 2 (99 kDa) were detected by immunoblotting using anti-39 kDa antiserum ( Figure 2 ). The ratio of 99 kDa to 39 kDa protein varied from 6-20 % among several different measurements and experiments, and depended on the amount loaded onto the gel ( Figure 2 ). The ability to quantify the luminescent signal from the Western blots was very limited, owing to the narrow dynamic range of the detection system. Regardless of the exact frameshift rate, it appears that frameshifting on full-length, replicating viral RNA in plant cells is more ef®cient than in reporter constructs (Tables 1 and 2 ) containing only 116 bases of viral sequence.
The 39K ORF stop codon is not required for frameshifting on full-length transcripts in vitro, but is required for infectivity in oat protoplasts
The apparent discrepancies in frameshifting between the reporter constructs and the replicating virus prompted us to investigate the sequence requirements for frameshifting within the natural context of full-length viral RNA. Mutations in the ORF 1 stop codon, corresponding to those made in the GUS reporter constructs, were introduced into full-length BYDV genomic clone PAV6 and translated in wheat germ extracts. Both the 39 kDa and 99 kDa proteins were translated from full-length transcripts harboring any of the three ORF 1 stop codons (Figure 3(a) , PAV6, PAVORF1UAA, PAVORF1UGA). Replacement of the ORF 1 stop codon with a sense codon increased the size of the ORF by 44 codons, resulting in a predicted 43 kDa protein product. Both 43 kDa and 99 kDa proteins were translated from mutants with the UCG, CGG, or UGG codons in place of the UAG stop codon, with no signi®cant change in frameshift ef®ciency (Figure 3 (a), lanes PAVORF1UCG, PAVORF1CGG, PAVORF1UGG). Thus, in contrast to the GUS reporter results, the stop codon of the zero frame ORF was not necessary for translation of the 99 kDa fusion protein from full-length viral RNA in the wheat germ system. Figure 2 . Western blot detection of proteins containing 39 kDa protein antigen in uninfected (no RNA) and PAV6-infected protoplasts. Total cell lysate 24 hours after inoculation was separated by polyacrylamide gel electrophoresis, blotted onto nylon membrane, probed with antiserum prepared against 39 kDa protein, and detected using the ECL luminescent system as described in Materials and Methods. Different dilutions of the same cell lysate were loaded and the calculated frameshift rates based on signal intensity of 39 kDa and 99 kDa bands are shown.
To test for biological effects of the mutations in the ORF 1 stop codon, the ability of the mutant full-length transcripts to infect protoplasts was determined. Frameshifting is necessary for expression of the polymerase and thus for replication. Replication was assayed by ELISA detection of virions (Figure 3(a) ). (Production of coat protein for virions requires subgenomic RNA synthesis via RNA replication.) Virions generated by replication of transcripts with mutant UGA or UAA termination codons accumulated to wild-type levels in protoplasts (Figure 3(a) , ELISA). However, no virions accumulated when the ORF 1 stop codon was changed to any of the three sense codons, or to UCAG (Figure 3(a) ). These replication results were con®rmed by Northern blot detection of viral RNA accumulation (data not shown). Thus, only those transcripts with a functional ORF 1 stop codon were able to replicate in oat protoplasts. We conclude that either no frameshifting occurred in vivo without a stop codon (preventing translation of the polymerase) as was observed with the GUS reporter constructs, or (more likely) that the 4 kDa extension to ORF 1 in the absence of the stop codon was lethal to the function of the ORF 1 protein.
The shifty heptanucleotide is required for frameshifting in full-length viral transcripts
We next re-examined the role of the shifty heptanucleotide, this time in the full-length context. À`t ranslationally silent'' mutant was constructed by replacing the wild-type shifty heptanucleotide sequence G GGU UUU with C GGC UUC in fulllength transcripts (mutant SHSIL). This mutant should completely disrupt slippage of the tRNAs, by preventing re-pairing in the À1 frame, but the amino acid sequence of the frameshift product would be the same as in the wild-type protein (Gly-Phe) if frameshifting did occur. This mutant did not direct frameshifting in wheat germ extract (Figure 3(b) ). Furthermore, this mutant RNA failed to replicate in oat protoplasts, as indicated by Northern blot hybridization of viral RNA accumulated in the cells (Figure 4) . Lack of replication must be due to changes in RNA sequence because no amino acid residues would have changed if frameshifting took place. Thus, in contrast to results with reporter constructs, the shifty heptanucleotide is required for frameshifting within the natural context of full-length BYDV RNA both in vitro and, by inference, in vivo. The 3 H end of the viral genome contains elements required for frameshifting
The discrepancies between the reporter construct and full-length viral RNA may be due to sequences in the full-length RNA that are absent from the reporter constructs. To test this, deletions were made in full-length viral RNA and translated in vitro. When full-length PAV6 transcripts were translated in wheat germ extracts, À1 ribosomal frameshifting occurred at rates from 1-4 % (Figures 3, 5 and 6 ). This varied between wheat germ batches and with potassium concentration. 24 Thus the level of frameshifting in wheat germ extract may not quantitatively re¯ect that in infected cells. However, wheat is a host of BYDV, so the wheat germ extract should respond to BYDV RNA translation signals.
Surprisingly, frameshifting was reduced greatly on viral genomic transcripts that were truncated in the 3 H untranslated region ( Figure 5(a) ). When the 3 H cap-independent translation element (3 H TE, nt 4810-4918) was deleted, all translation of uncapped mRNA dropped by at least 30-fold ( Figure 5(a) , ScaI 4514 digestion). For the smaller 3 H truncations, the amount of 39 kDa protein remained fairly constant, while the amount of 99 kDa frameshift product decreased as the size of the 3 H truncation increased. These data suggest that a sequence located about 4 kb downstream of the frameshift site is required for frameshifting.
Presence of a 5
H cap decreases frameshifting H TE. Capped transcripts frameshifted less than half as ef®ciently as their uncapped counterparts ( Figure 5(b) ). In 15 different experiments, capped transcripts frameshifted 26(AE10) % as ef®-ciently as their uncapped counterparts. Mutant Á3788-4515,G4922C, in which the ORF6 start codon was altered, frameshifts about the same as PAV6 with or without a cap. This also shows that intact ORF 6 is not necessary for frameshifting. In both cases, the reduction in frameshift percentage was a consequence of the increase in 39 kDa protein due to presence of the 5 H cap. The amount of 99 kDa protein remained constant in capped and uncapped transcripts. Thus, increasing the initiation rate decreased the percentage of ribosomes that frameshift.
Mapping the distant 3
H UTR sequence required for frameshifting
One of the largest deletions that permitted frameshifting was construct PAVÁ1745-4919 ( Figure 6(a) ). This transcript lacks the entire 3 H TE, 29 therefore capped transcript was used. Importantly, this result demonstrates that the elements required for cap-independent translation and frameshifting in vitro do not overlap. The greater than threefold increase in frameshift rate over wild-type may result from moving the downstream element closer to the frameshift site. The large deletion, PAVÁ1684-4837 frameshifted ef®ciently, but PAVÁ1684-5112 frameshifted poorly (Figure 6(a) ). Thus, the 3 H UTR frameshift element has a 5 H boundary located somewhere between bases 4920 and 5112, and a 3 H boundary upstream of the PvuI 5322 site. To localize the 3 H boundary, smaller deletions within this 400 nt region were tested. Transcript PAVÁ5280-5426 frameshifted at wild-type levels ( Figure 6(b) ). This localizes the 3 H end of the sequence needed for full-frameshifting to nucleotide 5279.
A 29 base polypyrimidine tract (PPT) lies between bases 5016 and 5046 (Figure 6(e) ). PPTs have been implicated in RNA-protein interactions that regulate many functions, including cap-independent translation 30, 31 and RNA replication. 32 However, deletion of the PPT in transcript PAVÁ5016-5045 had little effect on frameshifting ( Figure 6(d) ). In contrast, an adjacent deletion in 39 % fs indicates percentage frameshifting. rel. % fs indicates relative frameshifting normalized to the wild-type percentage frameshifting on PAV6 RNA. mutant PAVÁ5046-5100 virtually abolished frameshifting ( Figure 6(d) ). Thus, the PPT is not required for frameshifting, but a sequence between bases 5046 and 5100 is essential.
Transcript PAVÁ5019-5279 did not frameshift, but PAVÁ5118-5279, PAVÁ5186-5279 (data not shown), PAVÁ5158-5202, PAVÁ5180-5205, and PAVÁ5183-5205 all frameshifted at 30-50 % of wild-type levels ( Figure 6(c) ). Together, all the deletion data indicate the presence of an essential distant frameshift core element with a 5 H boundary at nucleotide 5046 and a 3 H boundary between nucleotides 5100 and 5117, and a distant frameshift enhancer element located between nucleotides 5118 and 5279. The sequence between nucleotides 5183 and 5205 is certain to play a role in the enhancer activity.
The 3 H frameshift element is required for viral replication in plant cells
To verify the biological relevance of the in vitro translation results, we tested the ability of selected 3 H deletion mutants to replicate in oat protoplasts. The PPT deletion mutant, PAVÁ5016-5045, which frameshifted at wild-type levels in wheat germ extracts, replicated as ef®ciently as wild-type (PAV6) RNA (Figure 4) . Thus, PPT is not necessary for RNA replication and must have little effect on frameshifting in vivo. The transcript containing the smallest deletion that abolished frameshifting, PAVÁ5046-5100, did not replicate ( Figure 4 ). All other mutants that did not frameshift in wheat germ extract also did not replicate (data not shown). Transcript PAVÁ5183-5205, which frameshifted about 50 % of wild-type levels in wheat germ extracts (Figure 6(c) ), replicated at a reduced level in protoplasts, accumulating about 50 % as much viral RNA. Similar mutants, PAVÁ5180-5205 and PAVÁ5158-5202, frameshifted ( Figure 6 (c)) and replicated (data not shown) about half as well as wild-type RNA. These results show a correlation between frameshift level and replication, which indicates that BYDV tolerates a reduced frameshift rate (PAVÁ5158-5202 and PAVÁ5183-5205), but once it is below a certain level, as in PAVSHSIL or PAVÁ5046-5100, the virus is dead.
Discussion
Out-of-context reporter constructs may not represent biologically relevant translation events
We conclude that the translation properties of full-length genomic RNA most accurately re¯ect events in infected cells, on the basis of several observations. First, the requirement for a stop codon and the tolerance of complete disruption of the shifty site suggest that the À1 frame ORF is expressed in the reporter assay by a mechanism different from standard À1 frameshifting. It may be a stop codon-mediated event like those observed in Escherichia coli 33 and at low levels (0.3 %) in potato virus M RNA. 34 However, both systems required a run of at least four identical bases, which was absent from our mutants that disrupted the shifty heptamer but still gave GUS activity ( Table 1 ). The shiftiness may be aided by the very short zero frame ORF used in the reporter assays, in which the ribosome may still be paused at the initiation site and not fully locked into frame. 35 Secondly, the reporter constructs frameshifted at a much lower rate than the apparent 6-20 % that occurs in infected cells (Figure 2) . However, the immunodetection of viral proteins in cells also may not accurately re¯ect frameshift rate: the luminescent system is dif®cult to quantify ( Figure 2) ; the amount of 99 kDa fusion protein protein may be underestimated, because the antibody was raised against the 39 kDa protein and the 99 kDa protein may alter some 39 kDa epitopes; and the stability of the two proteins may differ. Despite these caveats, the immunodetection data suggest that frameshifting probably occurs at a higher rate in a natural infection than was measured with the reporter constructs.
In vitro translation of full-length viral RNA correlates with in vivo replication
The third observation that supports validity of the full-length viral RNA in vitro translation experiments is that the effects of mutations correlate well with their effect on replication in oat cells. Like the reporter assays, the wheat germ extract gave a low frameshift rate, but this varies depending on wheat germ batch, potassium concentration, 24 mRNA concentration, 36 and presence of a cap ( Figure 5(b) ). For these reasons, we cannot estimate the actual in vivo frameshift rate from in vitro systems. However, wheat germ extracts respond to other cis-acting translational control sequences on BYDV RNA similarly in vitro and in vivo. 27, 29, 37 Indeed, mutations that knocked out frameshifting, knocked out replication, and those that reduced frameshifting only partially, such as Á5183-5205, reduced replication only partially (Figure 4 ; data not shown). Mutations that completely disrupted post-shift base-pairing between the tRNAs and mRNA had no effect on reporter gene expression (Tables 1 and 2 ), but ablated frameshifting in the full-length context in wheat germ (Figure 3(b) ) and prevented replication despite the lack of any changes in predicted amino acid sequence (SHSIL, Figure 4) . Therefore, it is highly likely that this mutation is acting by blocking frameshifting, and that frameshifting occurs by the simultaneous slippage mechanism. 38 The only mutants that did not affect frameshifting but prevented replication were those that converted the ORF 1 stop codon into a sense codon (Figure 3(a) ). It is likely that the 4 kDa C-terminal extension to the 39 kDa protein that results from this mutation renders the protein non-functional. The same mutations also had no effect on frameshifting but knocked out replication of the closely related RCNMV. 12 Moreover, all mutations that we have introduced into the 39 kDa protein have been lethal to replication. 39 
Efficient translation initiation conditions reduce frameshift efficiency
An important trend is that conditions that favor a high initiation rate correlate with reduced frameshifting. Addition of a 5
H cap, which increased the amount of 39 kDa protein synthesis, had no effect on 99 kDa protein production, thus reducing the frameshift rate ( Figure 5(b) ). At higher potassium levels, 39 kDa protein synthesis decreased while the 99 kDa frameshift product remained unchanged, giving a frameshift rate as high as 7 % 24 (C.P.P., unpublished results). Thus, frameshifting may have been low in our in vitro assays because we used conditions optimal for cap-independent translation initiation. 27 Lucchesi et al 36 reported that use of high mRNA concentrations gave higher frameshift rates for cocksfoot mottle virus RNA in wheat germ extract. These observations differ from the human T-cell leukemia virus type II (HTLV-2) sequence, in which capping enhanced frameshifting in reticulocyte lysates, 40 but agrees with detailed observations by Lopinski et al., 15 who also found more ef®cient frameshifting in conditions of reduced overall translation.
In all of the above cases, with the exception of HTLV-2, a higher number of ribosomes would be expected on the mRNA in the conditions that give reduced frameshifting. We and others 15 speculate that the heavy load of ribosomes will tend to keep the structure adjacent to the frameshift site melted. This would reduce its ability to pause ribosomes at the shifty site. With fewer ribosomes translating the RNA, there would be more time for the structure to re-fold and induce pausing of a higher percentage of ribosomes. Another possibility is that only a certain absolute number (rather than proportion) of ribosomes is allowed to shift under all conditions. Given that the 3 H and 5 H ends of mRNA interact in the translation initiation complex, it is possible that the downstream frameshift element associates with (or modi®es) a ribosome at initiation, and the ribosome remains associated (or modi®ed) during elongation until it reaches the frameshift site. Only one elongating ribosome per mRNA could have such an association (modi®-cation), which would explain the decreased frameshift rate with increased ribosomes per mRNA.
Are distant frameshift elements present in other viral genomes?
The sometimes misleading nature of the reporter gene assay using out-of-context viral frameshift sequences suggests that some frameshift studies may be incomplete. A good correlation between frameshifting in reporter assays and in the replicating viral genome has been shown for only a few viruses. 21 Discrepancies between out-of-context reporter assays, and in vitro translation of intact viral genes has been observed with HTLV 23 and HIV RNA. 22 Using only out-of-context reporter assays, Wilson et al. 41 reported that the shifty heptanucleotide alone was suf®cient for HIV frameshifting, but Parkin et al. 42 found that the adjacent stem-loop structure was also necessary when intact gag/pol mRNA was translated. Bases immediately upstream of the shifty site enhanced HTLV-2 frameshifting. 23 Immunoprecipitation of HIV gag and gag/pol proteins expressed from a non-replicating construct revealed an apparent frameshift rate of only 0.82 %. 42 This was much lower than that observed in rabbit reticulocyte lysates, but may have been fraught with the inaccuracies of immunodetection discussed by the authors. 42 For many frameshifting viruses, such as the large and complex Coronaviridae, full-length infectious clones are lacking, and studies focus only on regions around the frameshift site. Because of the requirement for a pseudoknot in most cases, Farabaugh 2 proposed that those RNAs that appear to employ only a stem-loop structure (e.g. HIV) may also need more distant elements for complete frameshift activity. Thus, for a variety of reasons in certain cases it may be worth the effort to examine the potential roles of distant viral sequences on frameshifting in vitro and in vivo.
A long-range ribosomal frameshift signal Alignment of the sequence with those of other BYDV strains reveals conserved primary and possible secondary structures, that may effect frameshifting ( Figure 7) . A perfectly conserved PuUCUGUG sequence occupies a loop in a stable stem-loop in the essential 5046-5100 region. This sequence has the potential to base-pair to a ®ve-base bulge on the 3 H side of the large bulged stemloop adjacent to the frameshift site (Figure 1(b) , nt 1235-1240). Such base-pairing across kilobases would be reminiscent of the kissing between stemloops in the 3 H and 5 H UTRs that facilitates capindependent translation of BYDV RNA. 43 Downstream of the essential region, deletion of just 23 nt (5183-5205) reduced frameshifting by 50 % and disrupts a different potential stem-loop ( Figure 7) . Future mutagenesis will determine the roles, if any, of these structures.
The requirement for the sequence 4 kb downstream from the frameshift site indicates a new type of structure capable of facilitating frameshifting. Downstream elements of other frameshifting RNAs have been limited to those beginning within 6 nt of the frameshift site, including certain pseudoknots, 10, 18 less common stem-loops, 12, 42 or a branched structure. 44 The event reported here may roughly resemble the gene 10 frameshift signal of bacteriophage T7. It requires a sequence in the 3 H UTR 200 nt downstream of the shifty site. 13 Its mechanism of action is unknown. It is intriguing that no distant element was reported for frameshifting of RCNMV RNA which has a bulged stem-loop adjacent to the frameshift site 12 resembling the structure predicted in BYDV RNA. 26 Those authors employed reticulocyte lysates that are shiftier than wheat germ. 12 Recoding mediated by a sequence located kilobases downstream occurs during translation of selenoproteins. UGA codons accept a novel selenocysteyl-tRNA in mRNAs containing a speci®c bulged stem-loop (SECIS element) in the 3 H UTR. 45, 46 Proteins that recognize the SECIS element and selenocysteyl-tRNA carry out the process by an as yet unresolved mechanism. 47 Because the downstream BYDV element facilitates frameshifting rather than readthrough, the mechanistic 51 Secondary structures were predicted using STAR 52 and MFOLD. 53 Predicted stem-loops that were found consistently with both programs, and which are supported by phylogenetic covariation are indicated by converging arrows over shaded (paired) bases.
Frameshifting Promoted by the 3 0 UTR details would be different from the SECIS element, but some similarities may exist in the long-distance communication processes. The long-distance interaction reiterates the theme for translational control of BYDV in which downstream sequences affect translation far upstream. 48 The 3 H TE facilitates cap-independent translation initiation 4 kb upstream, 43 and a sequence in ORF 5 facilitates read-through of the coat protein gene stop codon 750 nt upstream. 37 This reveals a complex series of interactions within the RNA that regulate translation and possibly replication.
Materials and Methods

Reporter plasmids
Sequences of all constructs were con®rmed by DNA sequencing on an ABI377 automated sequencer. PCR was performed with high-®delity Hot Tub or Vent polymerases. Mutations in the shifty heptanucleotide and stop codon were introduced into the reporter construct in which GUS was under the dicot CaMV 35S promoter, pS(À1)UAG, 25 by two-step PCR mutagenesis. 49 The primer containing the mutated sequence was used in the ®rst round with one¯anking primer. The upstream anking primer containing the NcoI site (includes start codon) and the downstream¯anking primer containing a HindIII site were used for the second round of PCR. The product was cloned into NcoI-HindIII-cut pS(À1)UAG.
To test for GUS expression in oat cells under a monocot promoter, pS(0)UCG, pS(À1)UCG, pS(À1)UAG, pS(À1)UAA, and pS(À1)UGA were digested with NcoI and ApaI and the fragments containing the BYDV sequence were ligated into the large fragment of pADHGUS(ÀAUG) 50 that had been digested with the same enzymes to make pADHS(0)UCG, pADHS(À1) UCG, pADHS(À1)UAG, pADHS(À1)UAA, and pADHS(À1)UGA. pADHS(0)UCAG, pADHS(À1)UGG, and pADHS(À1)CGG were made using two-step PCR mutagenesis with pS (À1)UAG as the template. The PCR products were digested with NcoI and ApaI, and ligated into pADHGUS(ÀAUG) that had been digested with the same enzymes.
Full-length BYDV genomic clones
The stop codon mutations were introduced by PCR 49 into the full-length infectious BYDV clone, pPAV6, to make pPAVORF1UAA, pPAVORF1UGA, pPAVOR-F1UCG, pPAVORF1UCAG, pPAVORF1CGG, and pPA-VORF1UGG. The appropriate mutagenic primer paired with the universal forward and reverse¯anking primers ampli®ed a template consisting of the ClaI 1044 -HindIII 1591 genomic fragment in pGem. The mutant PCR product was digested with ClaI and HindIII, and cloned into the same sites in pPAV2 (consisting of the 5 H end of the BYDV genome through the HindIII 1591 site 24 ). The resulting intermediate plasmids were digested with NotI and HindIII, and cloned into similarly-cut pPAV6. 24 pSHSIL, which is a full-length BYDV clone with the shifty heptanucleotide changed to CGGCUUC, was constructed by PCR mutagenesis of pPAV6. The upstream primer contained the shifty heptanucleotide mutations as well as an Eco72I site and the downstream primer contained the HindIII 1591 site. The Eco72I-HindIII-cut PCR product was inserted into the large fragment of pPAV6 after digestion with the same enzymes. The deletion mutants are named for the bases deleted from the genome. pPAVÁ4838-5190 is pPAV24 and pPAVÁ3788-4515AUC is pPAV30 as described. 39 pPAVÁ1741-4837 was made by the digestion of pPAV6 with BamHI, followed by religation. This construct was then digested with HindIII, the single-stranded ends ®lled in with Klenow fragment and religated, to make pPAV1741-4837UAG. This created an in-frame stop codon at position 1596 that results in a truncated frameshift product.
Deletion mutants in the region around the BclI 5190 site were made by controlled exonuclease III digestion essentially as described in the Promega Erase-a-base technical manual. pPAV6 was grown in the dam À E. coli strain, GM33. After digestion with BclI, the DNA was digested with exonuclease III on ice and aliquots were removed at 30 second intervals. The DNA was digested with S 1 nuclease for 30 minutes at room temperature. The S 1 nuclease was inactivated by the addition of S 1 stop buffer (0.3 M Tris-base, 0.05 M EDTA) followed by heating the samples at 70 C for ten minutes. The samples were then ethanol-precipitated and resuspended in TE. Singlestranded ends were ®lled in using Klenow fragment and then ligated. Deletion mutants pPAVÁ5180-5205, pPAVÁ5158-5202, and pPAVÁ5183-5205 were recovered after transformation of the DH5a strain of E. coli. A similar approach was used to make pPAVÁ1684-4837 and pPAVÁ1684-5112. The DNA was treated as described above for the deletions around the BclI site, except that these plasmids were made by exonuclease III digestion of pPAVÁ1741-4837UAG that had been cleaved at the BlnI 1684 site and ®lled in with a-phosphorothioate dNTPs using Klenow fragment. The DNA was then digested with BamHI prior the treatment with exonuclease III at 30
C. This strategy resulted in a nested set of deletions extending 3
H to base 1684. Deletions in pPAVÁ5016-5045 and pPAVÁ5280-5426 were created by two-step PCR mutagenesis in which the mutagenic primer contained sequences on either side of the region to be deleted. The¯anking primers contained unique restriction sites in pPAV6, BsaMI and SmaI. After digestion of the PCR products and pPAV6 with these enzymes, the PCR products were inserted into pPAV6.
In vitro transcription
Transcription templates were prepared by run-off transcription of pPAV6 or mutant derivatives cleaved with SmaI for full-length transcripts, or transcription from plasmids cleaved with PvuI, BclI, PstI, or ScaI to make truncated transcripts ( Figure 5(a) ). The 3 H overhangs created by cleavage with Pst I and PvuI were ®lled in with Klenow fragment prior to transcription. RNA was transcribed using phage T7 RNA polymerase with one of the following kits: Megascript (Ambion), Ampliscribe (Epicentre Technologies), or Ribomax (Promega), according to the manufacturer's speci®cations. To make capped transcripts, the concentration of GTP in the reaction was reduced to one-®fth that of the other nucleoside triphosphates and cap analog ( 7 mG(5 H )ppp(5 H )G, New England Biolabs) was included in the reaction mix at a ratio of 4:1 (cap analog:GTP).
Protoplasts and immunoblotting
Protoplasts were prepared from suspension cells, electroporated, and assayed for GUS activity as described for carrot 25 and oat 50 cells. The 39 kDa and 99 kDa proteins were detected on immunoblots of plant extracts from infected protoplasts using polyclonal antibodies raised against 39 kDa protein that was overexpressed in E. coli. Antibodies were raised in rabbits to the BYDV 39 kDa protein that was expressed in pET11-d in BL21 cells (Novagen). The diluted 39 kDa antiserum was cross-absorbed with acetone-precipitated plant proteins before incubation with membranes for immunoblots. Viral transcripts were introduced into oat protoplasts by electroporation as for reporter assays. The electroporation voltage was 450 V in early experiments, but later decreased to 300 V. Protoplasts were harvested at 24 hours post-infection and stored at À80 C. Just before loading onto the gel, an equal volume of gel loading buffer was added and the protoplasts were heated in a boiling waterbath for four minutes. The lysed protoplast extracts were then separated by SDS-PAGE (10 % (w/v) polyacrylamide) and transferred to Hybond-ECL membrane (Amersham) by electroblotting in buffer containing 50 mM Tris, 380 mM glycine, 0.1 % (w/v) SDS, and 20 % (v/v) methanol at 30 V overnight with cooling. Viral proteins were detected using the Amersham ECL kit. The blot was blocked in 5 % (w/v) powdered milk in TBS-T(20 mM Tris-base, 137 mM NaCl, 0.1 % (v/v) Tween-20, pH 7.6) at 4 C overnight. The blocked blot was probed with the 39 kDa antibody for one hour and washed with TBS-T. The secondary antibody was peroxidase-linked donkey anti-rabbit antibodies (Amersham, NA.934) at a dilution of 1:1000 and incubation was for one hour. The proteins were visualized using the Amersham ECL chemiluminescent detection system to expose Hyper®lm-ECL (Amersham). The 39 kDa and 99 kDa proteins were quanti®ed by scanning on a Hoeffer densitometer. Percentage frameshifting was calculated as the area under the 99 kDa protein peak divided by the sum of the areas under the 99 kDa and 39 kDa peaks and then multiplied times 100.
In vitro translation
Transcripts were translated in wheat germ S30 extracts (Promega) according to the manufacturer's instructions in buffer containing 134 mM potassium acetate. Equimolar amounts of all transcripts were used. The products were separated by denaturing SDS-PAGE (10 % polyacrylamide). The protein products were quanti®ed using a phosphorimager and Imagequant software (Molecular Dynamics). To correct for the number of methionine residues in each protein (28 in the 99 kDa, ten in the 39 kDa protein), and the percentage frameshift was calculated as ((99 kDa counts/28)/(99 kDa counts/28 39 kDa counts/10)) Â 100. All constructs were tested two or three times. In most cases, standard error was <10 % where PAV6 frameshift 100 %.
